We have measured the magnetotransport properties and Hall effect of a series of epitaxial NbN films grown on (100) oriented single crystalline MgO substrate under different conditions using reactive magnetron sputtering. Hall effect measurements reveal that the carrier density in NbN thin films is sensitive to the growth condition. The carrier density increases by a factor of 3 between the film with highest normal state resistivity (ρ n~3 .83µΩ-m) and lowest transition temperature (T c~9 .99K) and the film with lowest normal state resistivity (ρ n~0 .94µΩ-m) and highest transition temperature (T c~1 6.11K) while the mobility of carriers does not change significantly. Our results show that the T c of NbN is governed primarily by the carrier density rather than disorder scattering. By varying the carrier concentration during growth we can vary the effective disorder (k F l) from the moderately clean limit to the dirty limit which makes this system ideal to study the interplay of carrier density and disorder on the superconducting properties of an s-wave superconductor.
I. Introduction
Superconductivity in NbN thin films has been widely studied in the past decades motivated by diverse applications such as Josephson junctions 1 , superconducting hot electron bolometers 2 and superconducting single photon detectors 3 . Within conventional superconductors NbN has high critical temperature (T c~1 6K) combined with a short coherence length (ξ<5nm) and large penetration depth (λ~200nm), which allows fabrication of few nanometer thick superconducting thin films with moderately high T c . In addition, NbN grows as epitaxial thin films on lattice matched substrates using popular thin film growth techniques such as reactive magnetron sputtering 4, 5, 6, 7, 8, 9 and pulsed laser deposition 10, 11 . These films have good mechanical strength, are chemically stable in ambient atmosphere and can be recycled from cryogenic temperatures to room temperature without any detectable degradation in their superconducting
properties. Also, the existence of several other nitrides with widely varying properties such as the ferromagnet GdN and the insulator AlN, opens the possibility of exploring fundamental issues such as superconductor/ferromagnet proximity effect 12 and the role of interlayer coupling 13 on the superconducting properties of superconductor/insulator/superconductor multilayers.
Although there are several properties which are favorable for applications, the T c of NbN thin films is very sensitive to the growth conditions. Thin films with T c~1 6K can only be synthesized under carefully optimized deposition parameters. Away from the optimal growth condition, the T c of the film decreases rapidly 4, 5, 6, 7, 8, 9, 10, 11 to 10K or below. It has been shown that there is a direct correlation between the normal state resistivity (ρ n ) and the T c [ref. 5] : Films with higher ρ n have lower T c . Such a direct correlation between ρ n and T c for an s-wave superconductor is not straightforward. While it is natural to attribute the increase in ρ n to the increase in disorder in films grown away from the optimal condition, it was shown by Anderson 14 that scattering from non-magnetic disorder is not expected to significantly affect the T c in an s-wave superconductor, as long as the system remains a metal 15, 16, 17 . On the other hand ρ n will also change if the carrier density is sensitive to the growth condition. In this case, the superconducting T c which is sensitive to the density of states (N(0)) at Fermi level, is also expected to change. This possibility, which can be resolved through a determination of the carrier density through Hall effect in thin films with different T c , has not been experimentally explored.
In this paper, we examine the role of carrier density and disorder on the superconducting properties of a series of epitaxial NbN films with T c varying from 9.99K to 16.11K. From measurements of the normal state and superconducting properties we extract the key parameters, such as the carrier density (n), the Fermi wave vector (k F ) the mean free path (l) and coherence length (ξ GL ) for all the films. The central observation of this paper is that the carrier density (n) making this system ideal to look at the interplay between carrier density and disorder in an swave superconductor.
II. Experimental Details
Thin films of NbN were synthesized through reactive dc magnetron sputtering by sputtering an Nb target in Ar-N 2 gas mixture. The substrate temperature and ambient pressure during growth for all the films were fixed at 600 0 C and 5 mTorr respectively. Films with different T c were synthesized using two different protocols. The first set of films (Series 1) was synthesized by keeping the N 2 /Ar ratio fixed at, 20% N 2 -80% Ar, while the sputtering power on the Nb target was varied from 40W to 250W. These films are named as 1-NbN-x, where "x" refers to the sputtering power, e.g. 40 for 40W. The second set of films (Series 2) were synthesized by keeping the sputtering power at 80W and varying the N 2 /Ar ratio from 10% N 2 -90% Ar to 30% N 2 -70% Ar. These films are named as 2-NbN-y where "y" refers to the N 2 partial pressure, e.g. 30 for 30% N 2 -70% Ar mixture. The thickness of all the films was larger than 50nm to avoid the effect of epitaxial strain significantly affecting the structural and superconducting properties. The films were characterized through X-ray diffraction θ−2θ scans using Cu K α source. The epitaxial nature of the films was confirmed by performing φ-scans around the [111] peak on a 4 circle X-ray goniometer. The temperature dependence of resistivity (ρ(Τ)) and T c was measured through conventional ac 4-probe technique in a home built cryostat up to a maximum field of 5.8T. The upper critical field was determined from ρ(Τ)−Τ scans in different applied magnetic fields (magnetic field perpendicular to film plane) and determining the T c at various fields. To accurately determine ρ(Τ), the electrical resistance was measured on a 1mm by 10mm stripline deposited using a shadow mask. The thickness of the film was measured using a Ambios X P 2 Stylus Profilometer at various positions on the stripline and the average value was taken as the film thickness. The thickness measured on different parts had a variation of ~15%. However, since this figure is close to the resolution limit of our thickness measurements, this possibly does not reflect the intrinsic level of non-uniformity in the thickness. This is likely to be the biggest source of error in the calculation of resistivity and Hall coefficient. The Hall measurement was carried out using 4-probe ac technique. The Hall voltage was deduced from reversed field sweeps from +5.8T to -5.8T after subtracting the resistive contribution.
III. Results
Figure 1 The values of a, T c , ρ n , n e and H c2 (T/T c =0.9) for all the films are listed in Table 1 . Table 2 lists the Fermi wave vector (k F ), the Fermi velocity (v F ), the electronic mean free path (l), the density states at Fermi level (N(0)), the Ioffe-Regel parameter k F l, the upper critical field at T=0 (H c2 (0) 
Discussion
where λ is the electron-phonon coupling constant, µ * accounts for the electron-electron repulsive interaction and Θ is of the order of Debye temperature. Within McMillan theory λ is proportional to the density of states at Fermi level (N(0)), 
We fit the variation of ln(T c ) with the N(0) using
and K as fit parameters. While making this fit we assume that Θ and K are same for all films. This assumption is justified since the lattice constants for different films do not vary by more than 0.34% across both the series and hence we do not expect the phonon spectrum and the electron-phonon interaction matrix elements to change significantly for different films. Ιn transition metal compounds the value of µ * is taken to be, µ * =0.13 [ref. 25, 27] . Figure 6 shows the fit of our data with equation (3).
Barring one point all the points fall very close to the fitted plot within the error bars. 2 . To explore this possibility we have also fitted the data assuming µ * =0. 16 . While the value of Θ remains the same, the value of λ increases by about 10% which is well within the error that we expect from this fitting procedure.
We now focus our attention to the H c2 (0) for all the films. For dirty superconductors (1) is not universally valid. Significant deviation from equation
(1) has been observed in dirty systems, where the critical field has been observed to increase linearly 35 with decreasing temperature down to 0.2T c . Also spin-orbit interactions can cause significant enhancement of H c2 (0) over the value 22 given by equation (4) . However, we believe that a more direct measurement of the critical field down to low temperatures at high fields is necessary to reliably address this issue.
We can try to speculate the reason behind the large change in carrier density on the deposition conditions in NbN. Since these films are grown by changing the sputtering power or N 2 partial pressure it is expected that they differ in their Nb/N ratio. Previous studies on the dependence of electronic properties of NbN on stoichiometry were carried out on single crystals with nitrogen 21 vacancies. While we were unable to quantitatively determine the Nb/N ratio in these films using conventional techniques, nitrogen vacancies alone cannot explain our results. In cause a sharp decrease in n. However, to account for a three-fold decrease in n we would need a very large degree of Nb vacancies which is possibly unacceptable from the structural point of view. Since N vacancies also reduce the n and N(0) in the sub-stoichiometric compound 36, 37 , it is possible that the drastic reduction of carrier density is caused by a combination of Nb and N vacancies 38 . In addition we cannot rule out the possibility of non-trivial modifications of the band structure caused by the presence of both Nb and N vacancies. This will require detailed calculations of the electronic structure beyond the rigid band picture, in the presence of Nb and N vacancies. Such calculations do not exist at present and is beyond the scope of this paper.
Finally, we would like to note that the ability to control the carrier density in NbN thin films provides a unique opportunity to look at the interplay of carrier density and disorder in an s-wave superconductor without any external doping. It is interesting to note the Ioffe-Regel parameter, k F l, which is a measure of the mean free path in terms of the de-Broglie wavelength of the electron at Fermi level, varies from 2.56 to 7.14. Since k F l~1 corresponds to the Mott limit for metallic conductivity, the level of disorder varies from moderately clean to the dirty limit.
This provides an opportunity to look at the role of dynamic fluctuations as a function of disorder, as well as to probe recent theoretical predictions 15 of the formations of pseudogap state where the weak disorder limit breaks down. At least one such study has already been attempted 39 and we believe that our work will provide a much better understanding to those data. Our own investigations in this direction are currently underway and will be reported elsewhere.
Conclusion
We have explored the interplay of carrier density and disorder in epitaxial NbN films grown using dc magnetron sputtering. Our results show that the T c in these films is primarily governed by the carrier density which increases by a factor of 3 as we go from the film with lowest T c~9 .99K to the films with highest T c~1 6.11K. By fitting our data with the McMillan theory we obtain the value of the electron-phonon coupling parameter λ∼1.07−1.55, consistent with the expected value for strong coupling superconductors. 1.59 q For this film the resistance decreases to 0.1% of its normal state value below the transition but does not go to zero. We list it here only to show the overall trend of T c with N 2 partial pressure. (0)) and the Ginzburg Landau coherence length (ξ GL ), density of states at Fermi level (N(0)), Ioffe-Regel parameter (k F l) and electron phonon coupling strength (λ) for all the films. 
